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腔、由 sp2-C 构成的表面，以及对 H2 良好的吸附并促进氢溢流的性能，这些特
性使 CNTs 成为最有前途的催化剂载体或促进剂。 
本文用共沉淀法结合浸渍法，制备了一类 CNTs 催进的 Ni-Mo-K 硫化物催
化剂，相比无 CNTs 促进的催化剂体系，该催化剂表现出了更高的活性和成醇尤
其是乙醇的选择性。结合 TEM、XRD、XPS、H2S/H2-TPS 和 H2-TPD 表征手段，
探究了 CNTs 促进作用的本质。主要内容包括： 
1. 催化剂组成和制备的优化 
1.1 CNTs 的制备 
CNTs 由本组自行制备，经纯化后，球磨至 400 目以下，备用。 
1.2 CNTs 添加量的优化 
用 CNTs 作促进剂，制备了一系列 Ni0.5Mo1K0.5-x%CNTs 硫化物催化剂，考
察了其对合成气转化制低碳醇（C1-4 醇）的催化性能。结果表明，合成气转化后
产物主要有 C1-4 醇（记为 alc.）、C1~3 烃(记为 HC)、少量二甲醚（DME）以及 CO2
（水煤气变换副反应所产生）。CNTs 添加量为 15wt.%的催化剂展现了最好的催















的反应条件下，CO 加氢转化率（记为 X(CO-hydr.)总醇选择性（记为 S(alc., 
CO2-free)）分别达到了 8.4%和 64.9%，相应的总醇时空产率（记为 STY(alc.)）
达到了 87.1 mg/(h g)，其中，乙醇为主要产物，其选择性（记为 S(EtOH, CO2-free)）
和时空产率（记为 STY(EtOH)）分别达到了 36.1%和 45.4 mg/(h g)。 
1.3 Ni、K 含量的优化  
分别优化了 NiiMo1Kj-CNTs 催化剂的 Ni/Mo 摩尔比（i/1）和 K/Mo 摩尔比
（k/1）。结果表明，Ni0.5Mo1K0.5-CNTs 催化剂取得了最好的活性以及成醇尤其是
乙醇的选择性。   
1.4 CNTs 粒度的优化 
CNTs 用球磨机球磨破碎后，考察了不同 CNTs 粒度对 Ni0.5Mo1K0.5-CNTs 硫
化物催化剂的影响，实验证明，随着 CNTs 粒度从 20～200 目，X(CO-hydr.)呈现
线性增加，从 200～400 目到 400 目以下变化时，X(CO-hydr.)逐步达到稳定而总





影响，实验证明，反应温度对合成气转化制低碳醇的影响显著。在 5.0 MPa, 
V(H2)/V(CO)/V(N2) = 45/45/10，空速 3000 h1 的反应条件下，温度从 583 K 变化
到 613 K，CO 加氢转化率呈线性增加；总醇选择性逐渐降低；总醇时空产率呈
现增加后降低的规律，在 593 K 时达到了最大值。 
2.2 原料气空速 
考察了 Ni0.5Mo1K0.5-15%CNTs 催化剂上，原料气空速对合成气转化制低碳醇
的影响。在 8.0 MPa, 593 K, V(H2)/V(CO)/V(N2) = 45/45/10 反应条件下，空速从
3000～6000 h1 范围内变化，随着空速的升高，CO 转化率单调递减，总醇选择
性略有升高，但幅度不大，总醇时空产率随空速的升高呈现先增加后降低的规律，















降低到了 31.8%），为了获得总醇和乙醇的时空产率，仍选 4000 h1 为最佳空速。 
2.3 CNTs 促进的 Ni-Mo-K 硫化物催化剂与非促进体系的对比 
对比了 Ni0.5Mo1K0.5-15%CNTs 催化剂和 Ni0.5Mo1K0.5 催化剂上合成气制乙醇
和低碳醇的性能。在 8.0 MPa，320 ℃，V(H2)/V(CO)/V(N2) = 45/45/10，GHSV = 4000 
h–1 的反应条件下，Ni0.5Mo1K0.5-15%CNTs 催化剂上 CO 加氢转化率、总醇时空产
率、乙醇时空产率分别为 8.4%、110.2 mg/(h g)、55.7 mg/(h g)，Ni0.5Mo1K0.5 催化
剂上分别为 6.4%、72.8 mg/(h g)、37.9 mg/(h g)，前者分别是后者的 1.3 倍、1.51
倍和 1.47 倍。稳定性实验表明，Ni0.5Mo1K0.5-15%CNTs 运行 112 h，CO 加氢转
化率，总醇选择性等基本保持不变。 
2.4 表观活化能 
Ni0.5Mo1K0.5-15%CNTs 和 Ni0.5Mo1K0.5 催化剂上 CO 加氢反应的表观活化能
Ea 的测试实验表明，Ni0.5Mo1K0.5-15%CNTs 上 Ea = 58.6 kJ/mol，Ni0.5Mo1K0.5 上
Ea = 62.1 kJ/mol。二者相当接近，这暗示着少量CNTs的添加并不导致Ni0.5Mo1K0.5
催化剂上 CO 加氢制低碳醇的反应途径的改变。 
3. 催化剂表征 
3.1 XRD 
Ni0.5Mo1K0.5-15%CNTs 和 Ni0.5Mo1K0.5 催化剂经还原硫化后切换原料气反应
24 h 达到稳定状态，反应后催化剂的 XRD 测试表明，相比 Ni0.5Mo1K0.5 催化剂，
Ni0.5Mo1K0.5-15%CNTs 除了 2θ 等于 26.1°处 CNTs 的特征衍射峰外并没有产生新
的衍射峰，说明添加 CNTs 后没有产生新的物种。2θ 等于 13.7°/32.7°的衍射峰为
MoS2 物种的特征峰，19.2°/32.5°/41.8°/45.8°处的衍射峰为 K-Mo-S 物种的特征峰，
22.5°/27.2°/35.9°/37.6°/38.6°/56.4°处的衍射峰为 NiSx 的特征峰（包括 Ni3S2、NiS、
Ni9S8 等）。Ni0.5Mo1K0.5-15%CNTs 催化剂上上述三种物种的平均粒径为 19.0 nm、
7.8 nm、8.4 nm，Ni0.5Mo1K0.5 催化剂上分别为 32.0 nm、12.3 nm、10.5 nm，
Ni0.5Mo1K0.5-15%CNTs 催 化 剂 上 活 性 相 具 有 更 小 的 尺 寸 对 应 了
Ni0.5Mo1K0.5-15%CNTs 催化剂具有更好的 CO 加氢制乙醇和低碳醇的反应活性，















3.2 XPS  
Ni0.5Mo1K0.5-15%CNTs 和 Ni0.5Mo1K0.5 催化剂反应 24 h后的 XPS 测试结果表
明， 两种催化剂上 Ni(2p)-XPS 变化不大，而 Mo(3d)-XPS 谱图形状和峰位置均
发生了变化。反应气中有大量的 H2、CO 等还原性物种，又有反应产生的 H2O、
CO2 等具有氧化性的物种存在，Mo 物种上发生复杂的氧化还原反应，主要以
Mo4+ 、 Mo5+ 、 Mo6+ 三种形态存在，对 Mo(3d)-XPS 进行了分峰拟合，
Ni0.5Mo1K0.5-15%CNTs 催化剂上 Mo4+、Mo5+和 Mo6+物种的摩尔分数分别为 40、
45 和 15 mol% ，Ni0.5Mo1K0.5 催化剂上这三种物种的摩尔分数分别为 19、33 和
48 mol% ，前者 Mo4+摩尔含量是后者的 2.1 倍，而根据 CO 插入链增长机理，
Mo4+物种起到吸附活化氢，解离 CO 变成金属卡宾的作用，被公认为是合成气制




Ni0.5Mo1K0.5 催化剂的 H2S/H2-TPS 谱图中 586 K 处的峰对应 MoO3 被还原为
MoO2，648 K 处的峰对应 MoO2 被硫化为 MoS2，而 893 K 处的峰则对应体相中
难还原和硫化的 MoO3、MoO2 被还原硫化的信号。Ni0.5Mo1K0.5 催化剂的
H2S/H2-TPS 谱图中这三个峰分别提前到了 468 K、578 K、713 K。可以得出，添
加一定量的 CNTs 促进了 NiMoK 催化剂的还原硫化。 较低的还原硫化温度可一
定程度上阻碍催化剂颗粒的长大，使硫化态催化剂有较大的比表面，从而提高合
成气制乙醇和低碳醇的反应活性。 
3.4 H2-TPD  
Ni0.5Mo1K0.5-15%CNTs 和 Ni0.5Mo1K0.5 催化剂预还原硫化后的 TPD 测试表
明，两种催化剂的 H2-TPD 谱均出现两个脱附峰，<523 K 的脱附峰主要是分子态
吸附 H2，>523 K 的脱附峰主要是一些难以脱附的原子态吸附氢 H。>523 K 的高
温脱附峰与合成气制低碳醇反应密切相关，对比 Ni0.5Mo1K0.5-15%CNTs 和
Ni0.5Mo1K0.5 催化剂上高温脱附峰的位置并没有发生大的改变，说明 CNTs 并没有
改变 Ni0.5Mo1K0.5 催化剂对 H2 的吸附强度；而前者具有更大的高温脱附峰的面积

















对不同粒度的 CNTs 进行了 H2-TPD 测试（(a) 20~40，(b) 40~80，(c) 80~120，
(d) 120~200，(e) 200~400 和(f) > 400 mesh）。结果表明，随着粒度的减小，CNTs
上 H2 的吸附量呈线性增加，从(e)变化到(f)时，变化趋于稳定。粒度减小，比表
面增加，有利于 CNTs 对 H2 的吸附，不同粒度 CNTs 上 323~873 K 范围内氢气
吸附量之比为：I(a)/I(b)/I(c)/I(d)/I(e)/I(f) = 45/50/65/72/95/100，这与相应催化剂上 CO
加氢转化制乙醇和低碳醇的活性规律一致。  
4. CNTs 促进的本质 
 CNTs 是一类具有二维结构的纳米碳材料，和中空结构的碳纤维有相似的结
构。本文把 CNTs 用作促进剂利用的是其纳米级甚至微米级 sp2-C 表面结构，
而非单个的碳原子，CNTs 没有参与到 NiiMojKk 催化剂活性中心的形成，而
是通过其 sp2-C 表面对 H2 的吸附和活化，这种作用是短程或短中程的（通过
氢溢流）。以下二点很好的支持了该观点： 
（1）添加一定量的 CNTs 作为促进剂，没有引起 Ni0.5Mo1K0.5 催化剂上 CO 加
氢反应活化能的明显改变，这暗示着 CNTs 的加入不改变催化剂活性相的组
成和结构，也不改变 CO 加氢反应的主要反应途径。 
（2）适当减小 CNTs 的颗粒尺寸有利于改善 CNTs 对 H2 的吸附活化能力，从
而增加 CO 加氢的转化率，但不引起产物选择性的改变。 
 CNTs 对氢气良好的吸附活化能力营造了一个更稳定的高浓度的 H 物种微环
境，这引起了催化剂表面低价态的 Mo4+/Mo5+在总 Mo 物种中摩尔分数的增
加；另一方面 CNTs 表面吸附活化的活泼 H 可通过氢溢流转移到 NiiMojKk



















 适当减小 CNTs 的颗粒尺寸有利于改善 CNTs 的促进作用。 
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Ethanol is being considered as a potential alternative synthetic fuel or 
fuel-additive for use in automobiles, and as a potential hydrogen source for fuel cells. 
Renewable ethanol can also serve as a feedstock for the synthesis of a variety of 
industrial chemicals and polymers. Recently, a worldwide interest in the synthesis of 
ethanol from biomass- and coal-derived syngas is growing.  
The direct conversion of syngas to ethanol and other C2-oxygenates has been 
reported by Union Carbide Company as early as 1975 over SiO2-supported Rh-based 
catalyst. Following this early work, there are several reports on the conversion of 
syngas to ethanol and other C2+-oxygenates using a wide range of noble metals-based 
catalysts containing Rh, Ru, and Re supported on various oxides. Although Rh-based 
catalysts show promise, the commercial viability of these catalysts is questionable due 
to its availability. 
Development of non-noble metals-based catalysts industrially viable for direct 
synthesis of ethanol and higher alcohols from syngas has been the other focus of R&D 
efforts. Recently, there are several reports on new catalyst systems, such as 
K2CO3/Co-MoS2/clay catalyst, K & Ni doped -Mo2C catalyst, and Al2O3(or 
AC)-supported Ni(or Co, Rh)-promoted, K-modified MoS2 catalysts. Nevertheless, 
from the practical viewpoint, the selectivity and yield of desired alcohol products of 
those catalysts still need to be further improved.  
Multi-walled carbon-nanotubes (simplified as CNTs) have been drawing 
increasing attention in recent years. This kind of nanotube-C possesses a series of 
unique features, such as highly conductive graphitized tube-wall, nanometer-sized 
channel and sp2-C-constructed surface, as well as excellent performance for 
adsorption and spillover of hydrogen, which make CNTs full of promise to be a novel 
catalyst support or promoter.  
In the present work, a type of co-precipitated–deposited Ni-Mo-K sulfide 
catalyst doped with CNTs was developed. The catalyst displayed higher activity and 
selectivity for synthesis of ethanol and higher alcohols from syngas, compared to the 















H2S/H2-TPS and H2-TPD, and the nature of the promoter action by CNTs was 
discussed. The progress obtained in the present work was briefly described as follows.   
1. Preparation of catalyst and optimization of catalyst composition 
 Preparation of CNTs  The CNTs used in the present work were prepared and 
purified according to the methods reported previously by this group. The purified 
CNTs were crushed, and sieved to a size of ≥ 400 mesh for the catalyst 
preparation.   
 Preparation of catalyst  A series of CNT-doped Ni-Mo-K catalysts, denoted as 
NiiMojKk-x%CNTs (where x% represented mass percentage), were prepared by 
combined co-precipitation and impregnation method. 
 Optimization of CNT-adding amounts Reactivity of conversion of syngas to 
C1-4-alcohols over a series of the sulfurized Ni0.5Mo1K0.5-x%CNTs catalysts with 
varied CNT-doping amount was first investigated. The results showed that the 
observed carbon-containing products involved alcohols (simplified as alc., 
including C1~4-alc.), dimethy ether (DME) and hydrocarbons (simplified as HC, 
including C1~3-alkanes), as well as CO2 yielding from the water-gas-shift (WGS) 
side-reaction. The catalyst with 15% CNT-doping displayed the best catalytic 
performance. Over this catalyst under the reaction conditions of 5.0 MPa and 593 
K, V(H2)/V(CO)/V(N2) = 45/45/10, GHSV = 3000 mL h−1 g−1 (outlet), the 
hydrogenation-conversion of CO (denoted as X(CO-hydr.)) and selectivity of total 
alc. (denoted as S(total alc., CO2-free)) reached 8.4% & 64.9%, respectively. The 
corresponding STY(total alc.) reached 87.1 mg h−1 g−1. Ethanol was the major 
hydrogenation product, with the S(EtOH, CO2-free) and STY(EtOH) being 36.1% 
and 45.4 mg h−1 g−1, respectively.  
 Optimization of Ni/Mo and K/Mo molar ratio  Next, the Ni/Mo molar ratio 
(i/1) of the NiiMo1K0.5-CNTs catalysts and the K/Mo molar ratio (k/1) of the 
Ni0.5Mo1Kk-15%CNTs catalysts were optimized respectively. The results showed 
that the catalyst with composition of Ni0.5Mo1K0.5-CNTs displayed the highest 
activity and selectivity for synthesis of ethanol and higher alcohols from syngas.   
 Optimization of grain-sizes of CNTs  Besides the catalyst composition, the 
grain-size of the used CNTs also has a certain effect on the activity of the 















Ni0.5Mo1K0.5-15%CNTs catalysts with the CNTs of varying mesh-sizes showed 
that, with the mesh-size of the CNTs increasing progressively from the range of 
20~40 mesh, X(CO-hydr.) and X(CO-WGS) both ascended monotonously before 
approaching a plateau at 200~400 mech and above. Meanwhile, the S(total alc.), 
S(MeOH), S(EtOH) and S(PrOH), as well as S(total HC), all maintained stable at 
a respective level. Thus, in order to achieve high conversion of CO hydrogenation, 
the CNTs with the grain-sizes of ≥ 400 mesh was selected.   
2. Optimization of the reaction operation conditions and catalysts 
performance in the corresponding conditions. 
 Reaction temperature  Reaction temperature has a pronounced effect on the 
syngas conversion and the selectivity of formation of ethanol and higher alcohols. 
The results of test over the Ni0.5Mo1K0.5-15%CNTs catalyst displayed that, with 
reaction temperature rising progressively from 583 K, X(CO-hydr.), X(CO-WGS) 
and STY(total HC) ascended monotonously; STY(ethanol) and STY(total alc.) 
ascended quickly before reaching a maximum at 593 K, and then slowly 
descended; while STY(MeOH) and STY(DME) descended monotonously. In order 
to achieve both high Y(ethanol) and Y(total alc.), 593 K was taken as the optimal 
operating temperature.  
 Feed-gas GHSV  The reaction of syngas converted to ethanol and higher 
alcohols was conducted over the Ni0.5Mo1K0.5-15%CNTs catalyst under reaction 
conditions of 8.0 MPa, 593 K, V(H2)/V(CO)/V(N2) = 45/45/10 and varied GHSV 
of the feed-gas. The results showed that, with the GHSV rising progressively from 
3000 to 6000 mL h–1 g–1, X(CO-hydr.) and X(CO-WGS) both descended 
monotonously, and S(total alc.) ascended slowly but S(EtOH) descended slightly 
(going down to 31.8% from 34.0%). Meanwhile, STY(total oxy.) increased 
slightly before reaching a maximum at GHSV = 4000 mL h–1 g–1, and then slowly 
decreased. In order to simultaneously achieve relatively high X(CO-hydr.) and 
S(EtOH), as well as STY(total oxy.), GHSV of the feed-gas was set at 4000 mL h–1 
g–1 (outlet).  
 Performance of Ni-Mo-K sulfide catalyst doped with CNTs and reference 
system  Contrast evaluation of reactivity of syngas converted to ethanol and 















conditions of 8.0 MPa, 593 K, V(H2)/V(CO)/V(N2) = 45/45/10 and GHSV = 4000 
mL h–1 g–1 (outlet). The results showed that, over the Ni0.5Mo1K0.5-15%CNTs 
catalyst, X(CO-hydr.) reached 8.4%, with the corresponding STY(total oxy.) and 
STY(EtOH) being 113.1 and 55.7 mg h–1 g–1, respectively. The two values was 
1.51 and 1.47 times those (74.7 and 37.9 mg h–1 g–1) of the CNT-free 
Ni0.5Mo1K0.5, respectively. The test results of operation stability lasting 112 h 
showed that, over the Ni0.5Mo1K0.5-15%CNTs catalysts, throughout the reaction, 
X(CO-hydr.), S(total oxy.), S(EtOH) and STY(total oxy.) maintained stable at the 
level of ~8.4%, ~64%, ~33% and 113 mg h–1 g–1, respectively, with no obvious 
deactivation observed.   
 Apparent activation energy  The apparent activation energy (Ea) of CO 
hydrogenation over the two catalysts was measured, and was 58.6 kJ mol–1 for 
Ni0.5Mo1K0.5-15%CNTs and 62.1 kJ mol–1 for Ni0.5Mo1K0.5. These Ea values were 
fairly close to each other, indicating that appropriate incorporation of a minor 
amount of CNTs into the Ni0.5Mo1K0.5 sulfide catalyst did not cause a marked 
change in the Ea for the CO hydrogenation.    
3. Characterization of the catalysts 
 XRD post-analysis of the catalysts  The XRD post-reaction analysis showed 
that there were few differences between the two used catalysts in their XRD 
features related with the Ni-Mo-K components. The Ni-Mo-K components 
existed mainly in the forms of MoS2, NiSx and K-Mo-S with the corresponding 
XRD features appearing at 2θ = 13.6°/31.0°, 36.0°/37.6°/38.6°/56.1° and 
19.0°/22.5°/27.2°/32.5°/41.6°/45.8°, respectively. The average particle size of the 
three kinds of crystallites, MoS2, NiS and K-Mo-S, was estimated to be 19.0 nm, 
8.4 nm and 7.8 nm for the CNT-containing catalyst, and 32.0 nm, 10.5 nm and 
12.3 nm for the CNT-free counterpart. This is in line with the results of the TEM 
observation. The average particle size of the catalytically active components of 
the CNT-containing catalyst was comparatively smaller than that of the CNT-free 
counterpart, indicating the positive role of CNTs in improving the dispersion of 
particles of MoS2, NiSx and K-Mo-S.      
 XPS post-analysis of the catalysts  The results of XPS measurements showed 
that there was little difference in the position and shape of their Ni(2p)-XPS 















of the peaks associated with the Mo-species, between the two tested catalysts 
Ni0.5Mo1K0.5-15%CNTs and Ni0.5Mo1K0.5. The results of analysis and fitting of 
the Mo(3d)-XPS spectra showed that, under the reductive atmosphere containing 
H2, CO, etc., most of the Mon+ was reduced to lower valence: the major amount 
in Mo4+, minor in Mo5+, and few in Mo6+. The molar percentage of Mo4+, Mo5+ 
and Mo6+ species in the total Mo-amount at the surface of quasi-functioning 
catalyst was estimated to be 40, 45 and 15 mol% for the Ni0.5Mo1K0.5-15%CNTs, 
and 19, 33 and 48 mol% for the Ni0.5Mo1K0.5. These results indicate that the 
surface concentration of Mo4+ species of the CNT-containing catalyst was 2.1 
times that of the CNT-free counterpart.    
Currently, it is well acknowledged that the low-valence Mon+-species (mainly 
Mo4+) at the surface of functioning catalyst are catalytically active-sites 
responsible for adsorption-activation, hydrogenolysis or 
dissociation-hydrogenation of CO to form metallic carbene, followed by CO 
insertion and chain growth. The higher concentration of surface Mo4+-species, the 
higher the catalyst activity is. In comparison with the CNT-free host system, 
higher concentration of surface Mo4+-species of the CNT-containing catalyst was 
attributed to its higher reducibility, and was also one of the important factors 
leading to a significant increase of its specific activity for CO hydrogenation.   
 H2S/H2-TPS test of catalysts in oxidation state  H2S/H2-TPS of the catalyst 
provided useful information about the reducibility and sulphidity of catalyst. The 
H2S/H2-reduction/sulfurization of the Ni0.5Mo1K0.5 catalyst started at ca. 453 K. 
The observed 586-K peak may be ascribed to sulfiding of MoO3 to MoO2, and the 
648-K peak may be due to sulfiding of MoO2 to MoS2, while the higher 
temperature region (spanning from 693 K to 893 K) likely included the 
contribution from the sulfiding of bulk compounds (MoO3, MoO2). It is worth 
noting that the doping of CNTs into the Ni0.5Mo1K0.5 resulted in marked 
downshifting of the aforementioned sulfiding peaks. The lower 
reduction/sulfurization temperature would be beneficial to inhibiting the 
aggregation of NiiMojKk-sulfide crystallites formed by reduction/sulfurization by 
H2S/H2, thus favorable to increasing the exposed area of the NiiMojKk 
components in the pre-reduced/sulfurized state, and subsequently, improving the 
catalytic activity for synthesis of ethanol and higher alcohols.    















on the pre-reduced/sulfurized catalysts showed that the Ni0.5Mo1K0.5-15%CNTs 
catalyst could adsorb considerably greater amount of H2 than the CNTs-free 
counterpart, Ni0.5Mo1K0.5. The ratio of relative area-intensities (I) of H2-TPD 
profiles for the two catalysts in the temperature region of 573823 K related with 
the reaction activity of CO hydrogenation was estimated to be: INi0.5Mo1K0.5-15%CNTs 
/ INi0.5Mo1K0.5 = 100/52. This was also expected to be the sequence of increase in 
the stationary-state concentration of H-adspecies at the surface of functioning 
catalysts, in line with the observed sequence of reaction-activity of CO 
hydrogenation over the corresponding catalysts.  
TPD measurement of hydrogen adsorbed was also done on the CNTs with 
varying mesh-sizes: (a) 20~40, (b) 40~80, (c) 80~120, (d) 120~200, (e) 200~400 
and (f) > 400 mesh. The result showed that with the mesh-size of the CNTs 
increasing progressively from 20~40 mesh, the amount of desorbed hydrogen 
increased quickly in the lower mesh-size region of (a)~(d), and approached a 
plateau when the mesh-size reached 400 mesh (e) and above (f). This result 
implied that the capability of the CNTs to adsorb hydrogen was improved when 
appropriately reducing its grain size (correspondingly increasing its specific 
surface area (SSA)). The relative area-intensity (I) of those H2-TPD profiles in 
the region of 323~873 K was estimated to be: I(a)/I(b)/I(c)/I(d)/I(e)/I(f) = 
45/50/65/72/95/100. This was also expected to be the sequence of increase in the 
stationary-state concentration of H-adspecies at the functioning surface of the 
corresponding catalysts, in line with the sequence of increase in X(CO-hydr.) 
observed on the corresponding catalysts.    
4. Nature of promoter action by the CNTs    
 The CNTs are a type of two-dimensional nano-carbon, which is close to hollow 
graphite fiber structurally. In the case of the present work, the CNTs as promoter 
function through sp2-Cx at both nanoscale and microscale, rather than individual 
carbon atoms. The CNTs did not participate in the sulfurized NiiMojKk cluster to 
construct new catalytically active site. The promoter action by CNTs via their 
sp2-C surface to adsorb/activate H2 may be both short range and medium range 
(via hydrogen spillover), as supported by the following results in the present 
work: 1) Addition of a minor amount of the CNTs to the sulfurized Ni0.5Mo1K0.5 















hydrogenation-conversion of syngas, implying that the doping of CNTs did not 
alter the composition and structure of catalytically active site nor the major 
reaction pathway of CO hydrogenation. 2) Appropriately reducing CNT’s grain 
size could improve the CNT’s capability of adsorbing/activating H2 and, thus, 
increase rate of hydrogenation conversion of CO, yet did not influence selectivity 
of the products.  
 It follows that the CNTs as promoter function through their adsorbing/activating 
H2 to generate a surface micro-environment with higher stationary-state 
concentration of H-adspecies on the functioning catalyst. This resulted in a 
dramatic increase, at the surface of the functioning catalyst, of the molar 
percentage of catalytically active Mo4+/Mo5+ species in the total amounts of 
surface Mo. On the other hand, those active H-species adsorbed at surface of the 
CNTs could be readily transferred to NiiMojKk active sites via the highly 
conductive CNT-assisted hydrogen spillover. These two factors both were 
conducive to increasing the rate of a series of the surface hydrogenation reactions 
in the process of syngas hydrogenation-conversion.   
Research Highlights   
 A type of CNT-promoted Ni-Mo-K sulfide catalyst for syngas converted to EtOH 
and higher alcohol is developed.  
 CNTs as promoter function through their sp2-C surface to adsorb & activate 
hydrogen.  
 Appropriately reducing CNT’s grain-size can improve the promoting effect of 
CNTs.  
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